In the range of 83 500-89 200 cm -', the photoionization spectrum of HI is strongly influenced by autoionization of Rydberg series converging to the higher lying 2B,,2 component of the spin-orbit split 'H ionic ground state. The photoelectron yield spectrum, exhibiting the various autoionization processes, has been measured on a rotationally cooled sample ( T,,, -13 K), with a spectral resolution of the exciting vacuum ultraviolet radiation of 0.5 cm -'. Using a multichannel quantum-defect theory treatment explicitly including rotation, we calculate spinorbit and rotational autoionization fine structure in the spectrum. In order to find a qualitative agreement of theory and experiment, the Rydberg states of HI have to be described in terms of a transition in angular momentum coupling cases, going from Hund's case (c) to case (e).
I. INTRODUCTION
The study of molecular autoionization and competing processes has been of great interest for both experiment and theory in recent years. The advantages of the description in terms of a multichannel quantum-defect theory (MQDT) has been shown for various cases. ' One of the molecules in these investigations was HI. ' Since it is isoelectronic to the well studied xenon atom, comparisons in the autoionization behavior could be made.3 A thorough study of the spin-orbit autoionization has been done by Eland and Berkowitz,4 using photoionization mass spectrometry at moderate spectral resolution. They explained most features of the spectrum of HI and DI at room temperature in terms of five Rydberg series converging to the 2H,,2, (u = 0) threshold and autoionizing into the *II,,, , (u = 0) continuum via spin-orbit interaction. No rotational structure could be detected.
mixing of pulsed dye-laser radiation6 made studies possible where the molecular rotation is resolved. In the first experiments, the rotationally resolved photoelectron yield spectrum of HI at room temperature were studied.', ' The coarse features of the data could be assigned to Rydberg series as in the earlier study,4 but due to the higher resolution eight series were found. Rotational structure was clearly visible, but all attempts to assign rotational progressions gave ambiguous and inconclusive results. First experiments on a rotationally cooled sample8 showed significant differences to the results at 300 K; the agreement with the rotationless theory2 was still only modest. Studies of the angular asymmetry parameter p at different rotational temperatures'." with narrow band vuv radiation provided no new insights for the rotational assignments.
In applying the MQDT to the problem of spin-orbit autoionization,' HI has been used as an example for the calculations. The first ab inifio calculation did not include rotation, but predicted the overall intensity structure of the low resolution experiments to a certain degree. This calculation also gave results for the other dynamical parameters of the photoionization process, the angular asymmetry parameter fl, the angle-integrated spin polarization, and the spin-polarization parameter 6. They were put to a first test in a study of the angular asymmetry parameter fi through angular resolved photoelectron spectroscopy using synchrotron radiation. Within the limited resolution of this experiment, a certain agreement was found.
All these studies were restricted by lack of resolution in the exciting radiation. The development of vacuum ultraviolet (vuv) radiation sources utilizing resonant sum-frequency In a more detailed study of the Rydberg member n = 6 at a rotational temperature of 13 K, not only the photoelectron yield, but also the angle-integrated photoelectron spin polarization has been measured using circularly polarized radiation ("Fan0 effect") . The intensity data could be fitted to a simple model, thereby assigning the observed rotational structure in the frame of Hund's case (c)." The angle-integrated photoelectron spin polarization was found to exhibit rotational structure, too. However, the results of the spinpolarization measurement and the assignment gave rise to open questions regarding the validity of pure Hund's case (c) coupling in this spectral region. For high Rydberg members the uncoupling of the total electronic angular momentum from the molecular axis could lead to a transition to Hum-l's case (e) coupling." A similar effect occurs in the case of rotational autoionization in H,, where the change goes from coupling case (b) to case (d). I3 Interest in Hund's case (e) has been stimulated by other experimental results, as well. I4 ') Present address: SRI International, Menlo Park, California 94025.
In order to come to a more complete understanding of the spin-orbit autoionization process in HI, the photoelectron yield spectrum between the *II ionic thresholds has been measured with high resolution at a rotational temperature of 13 K. In this paper, these experimental results are presented and an analysis is given in terms of a transition of angular momentum coupling from Hund's case (c) to case (e) . The corresponding calculations reported here for the first time are based on an ab initio MQDT formalism including rotation.
In a different approach, the problem of the rotationally resolved molecular photoionization spectrum has been discussed implicitly in a pure Hund's case (e) approximation." This theory has been applied to HI,16 including spin-orbit autoionization, but neglecting rotational autoionization. These results still lack agreement with experiment, though they seem to fit better than the results without rotation.
II. EXPERIMENTAL
The experimental setup used to record the highly resolved photoelectron yield spectra in the energy region from 83 500 to 89 200 cm -' has been described in detail elsewhere.'*"*" Briefly, it consists of a narrow band vuv source of high spectral brightness (Av-0.5 cm-', I-10" hv/pulse at 11 Hz repetition rate) employing resonant sum-frequency mixing of pulsed dye-laser radiation in mercury vapor.6 In order to simplify the spectrum, the target gas was prepared at a rotational temperature of -13 K,'l using a pulsed nozzle for a supersonic expansion. At this temperature, only two rotational levels of the ground state are populated significantly (J" = 0: 56%; J" = 1: 40%; J @ = 2: < 4%). Most of the electronic transitions in this energy region are of the type 'II + '8. Weighting the relative transition moments of different rotational lines by appropriate Hiinl-London factors leads to approximate relative intensities of R (0) :R ( 1 ):Q( 1) as 0.28:O. l:O. 1, respectively. The rotational bands are dominated by the R (0) transitions. Recording the autoionization spectrum at this low rotational temperature for the entire energy region between the 'iI ionic thresholds should enable an analysis of the observed structure which is easier to perform than for the case of congested spectra at 300 K rotational temperature.
The photoelectrons are collected in an electrostatic field"' regardless of their kinetic energy and direction of emission. The field strength in the target region is below 15 V/cm; reducing the field by 1 order of magnitude resulted in no changes in the data. Except in the region below the first ionization threshold at 83 720 cm -', where we find structure that could be attributed to field ionization, effects from the electric field in the target region can be neglected. The experimental results for the total photoionization cross section were recorded in sections, each with a length of approximately 150 cm -'. The scans were reproduced at least twice, the results were added to give relative statistical errors of less than 1%. Special care was taken in connecting these sections to the full spectrum. The absolute error in the relative peak heights for photon energies between 84 500 and 89 200 cm -' is estimated to be less than 20%. Below 84 500 cm-', the possible error is considerably larger, but still less than 40%, due to problems with the infrared dyes used in the wavelength scanning dye laser. The reproducibility of the relative peak heights of neighboring structures is as good as the statistical errors. The radiation wave number is calibrated to an absolute accuracy of better than 0.5 cm -' by recording spectra of laser-induced fluorescence in an iodine cell and opto-galvanic spectra in a Ne-filled hallow-cathode lamp for the visible laser outputs.
III. RESULTS
The experimental results, consisting of roughly 10 000 data points, are presented in Fig. 1 . The dominant features can be attributed to spin-orbit autoionization into the 2H3,2, (u = 0) continuum of Rydberg series converging to the *II ,,2, (u = 0) ionic state. Furthermore, additional structure is superimposed due to vibrational autoionization of Rydberg series converging to the 2H3,2, ( ZJ = 1) ionic state at 85 858 cm - ' (Ref. 19) ) and of Rydberg series converging to the 2Hl,r, (u = 1) ionic state and autoionizing via spinorbit interaction into the 2113,2, (u = 1) channel.5v'7 The photoelectrons of the latter series occur at different kinetic energies as can be seen from constant ionic state measurements with an electron spectrometer." In this paper, we will discuss only Rydberg series converging to *II ,,2, (u = 0).
The fine structure in the experimental spectrum is attributed to transitions from a rotational level of the ground state to a distinct rotational level of the autoionizing Rydberg state. The term values of the members of a Rydberg series can be described as R T, = IP -(n -"ii,*
(see, e.g., Ref. 20) where Ti is the term value, IP the ionization potential, and pi the quantum defect, which is different for each series. R,, , the Rydberg constant for HI can be derived from the Rydberg constant R, by employing the mass correction. The strongest transitions observed in the spectrum should be denoted as R (0)) since this is the dominating transition in each rotational band.
In comparing different members of the Rydberg series, one should keep in mind that the widths of the resonances scale as n -3. For example, the R (0) line of the '?nsa'H, state has a width of 9.0 cm -' at n = 6." Using the formulas given in Ref. 2, the width at n = 16 can be calculated to be 0.34 cm -'. Consequently, at high values of n, these levels will not be resolved with the spectral width of our light source. Only the resonances which appear as broad peaks in the lower Rydberg orders can be observed at very high n.
If the molecule HI can be described in one angular momentum coupling case exclusively, the quantum defects pi should be only weakly energy dependent and become independent of energy for high n. In this case, the values of the ionization potential and the different quantum defectspi can be extracted by fitting the experimental peak positions to Eq. ( 1) . We used a nonlinear least-squares fitting procedure The spectral width of the exciting vuv radiation is AC< 0.5 cm -', the rotational temperature of the molecular beam 13 K. Note that the ordinates have been enlarged at higher excitation energies in order to reproduce the fine structure of the results more clearly. The different members of the Rydberg series are given by their integer values for n = 5 to n = 13. Furthermore, the vibrational levels u = 0, 1,2 of the % 1,J substate and the different rotational levels J + = l/2, 3/2, 5/2 of the 'II,,* substate with their splitting into thee-and&parity components are indicated.
employing the routines given in Ref. 21 on a personal computer. The input data were selected by comparing resonance and profiles and characteristic patterns in the intensity data. The result of the fitting procedure is given in Table I . Only 12 series are given, resulting from the most prominent features of the spectrum. We do not find a single value for the ionization potential, but different values for each series, which can be sorted into several groups [see Fig. 2 (a) 1. This leads us to the conclusion, that angular momentum coupling in a pure where A and B are the spin-orbit and the rotational constant of the X 'll state, and Ex is the energy of the first A 22 + excited state, the splitting AGfe of the components with e and fparity of a rotational level can be calculated. Because A < 0
Hund's case is no longer a valid description for HI in this energy range. In Hund's case (c), good quantum numbers are only associated with fi = A + X (A is the projection of the total orbital electronic angular momentum and B that of the spin on the internuclear axis), and J' the total angular momentum. However, in our particular case, A is conserved to a good approximation as well as I and h, the electronic angular momentum of the Rydberg electron and its projection on the molecular axis.
In Hund's case (e), I2 the molecule rotates as the ion core, and consequently, the good quantum numbers are now associated with J' and J + , the total angular momentum of the ion core, and 1 and j = 1 + s for the Rydberg electron. Series converging to a given rotational level of the ion core can now be defined. A scheme of the possible transitions in HI from the ground state to an excited state is given in Fig. 3 .
To assign such Rydberg series, it is necessary to know the exact energy positions of the rotational levels belonging to the ionic core configurations 2II',2 and 2113,2. Unfortunately, the value of the 211 ionization potentials based on the data of Ref. 4 are not sufficiently precise. The values of Hart and Hepburn' did also not yield consistent results. Therefore, we had to assume some values for these limits. Taking into account the effect of the electric field at the threshold, we have used the value of 83 720 cm -' for the X2111,,, , (J + = 3/2) limit.
Since the A 22 + -+X 211 emission spectrum has not been observed (probably because the A state is completely predissociated), no rotational data is known for the ground state of HI + . By analogy with the other hydrogen halides, following a technique similar to Lempka et al.,*= we have taken for B. a value of 6 cm -' for the X 211 ionic ground state. The value of B, for theX 'Z + ground state of HI is equal to 6.34 cm -'.23 The rotational energy of the different ionization limits is given by B&(J+ +:I' (2) and therefore the difference in energy between J + = l/2 andJ+=3/2is3B;,whileitis5B;,betweenJf=3/2 and J + = 5/2. These ionization limits cannot explain the experimental results as can be seen from a comparison of Figs. 2(a) and 2(b).
It is now well established'4'")V'5*24 that series with different 1 converge to levels of different parities. Therefore, it is important to introduce the A doubling of the X 2IIl,2 state, the difference between the levels of e and f parity, which is, unfortunately, unknown experimentally. Using the formulas Results of the fitting procedure assuming Hund's case (c) angular momentum coupling. The input data for the nonlinear least-squares fit to Eq. ( 1) are given in the first two columns, labeled n and Eobs. The quantum defects given in p,, are calculated using the ionization potential IP (series limit), which, together with the mean quantum defect p and the energy positions Eht , is a result of the fit. The numbering of the series is organized from the energy of the lowest member observed for each series. The series number 1,2,3,4,6 correspond to the series V, I, II, III, and IV, respectively, of Refs. 4 and 8. (A = -5350 cm -'), the coupling constant p as defined by Eq. (4) is positive. Formula (4) is obtained in the pure precession approximation ( p. 13 1 of Ref. 20) . By comparison between the values obtained for the coupling constant p using this formula and the experimental values of HCI + and HBr + ,25 a value forp corrected for the deviation from the pure precession is found to be equal to 3.5 cm -'. The scheme of the different ionization limits is presented in Fig. 2(c) .
From the fitting procedure it has been found, that the Rydberg series break off after 6-10 members, and a new series starts with a different set ofconstants. Only the highest lying series (No. 12) extending from n = 26 to n = 33 should give a reasonable value for the associated series limit, in this case the e component of the 211 ,,2, J + = 3/2 limit at 89 124.5 cm-*.
IV. THEORY
In this section, we describe how the coupling of the Rydberg electron changes from low values to large values of n. The MQDT is able to model any situation intermediate between two different coupling cases. The transition from Hund's case (b) to case (d) has been treated by Fano13 using the geometrical frame transformation approach. In the case of HI discussed here, the transition goes from Hund's case (a) to case (c) and from case (c) to case (e). The geometrical frame transformation between the short range channels described in Hund's case (a), the channels described in Hund's case (c) and the long range ionization channels described in Hund's case (e) is introduced following the method outlined in Refs. 2 and 12. The effects of both spin-orbit and rotational autoionization are thus automatically taken into account for any value of n. The spin-orbit autoionization described in Hund's case (c) was discussed in Ref. 2 and the rotational autoionization described in Hund's case (e) is analogous to that appearing in Hund's case (d) (spinless situation) (for comparison, for H, see, e.g., Ref. 26) . Due to the fact that there are different levels of the same total J' converging to the same or to different J + limits, a residual electrostatic interaction perturbs the position of these levels. This interaction is a function of the difference between the quantum defects of the levels expressed in Hund's case (a) with same 1 but different h and gives strongly varying values for the quantum defects along the series. For example, similar effects appear in the spectrum of the Rydberg levels of NO (Ref. 27, Fig. 11 ).
To understand the spectrum, we have now to consider a somewhat new spectroscopy: Usually from a 'II (J') +X 'Z + (J" ) transition, three rotational lines arise, one each in the P, Q, and R branch of the transition. When rotational mixing dominates, supplementary satellite lines appear due to the rotational mixing between triplets and singlets of the same lh values (s uncoupling) and between singlets of same 1 but different h (I uncoupling). For l#O, this situation is known for the case of Rydberg states converging to a Z ionic core giving rise to 1 complexes (e.g., p complexes,28fcomplexes29). In our case, the situation becomes more complicated due to the mixing between triplets. Even for 1 = 0, when 1 uncoupling is absent, it is not simple and can be illustrated as follows (see Fig. 3 ) : For states with low values of n, Hund's case (a) is valid. Starting from J * = 0, there is one R (0) line corresponding to the transition 'II,(J'= 1)~X'Z+(J" = 0). When n increases, Hund's case (c) is obtained because the levels 'Il , and 311 i are completely mixed by spin-orbit coupling. There is still an R(0) line corresponding to the transition l/d2('II, +311,)(J'= l)+X'Z+(J" =*O), the final state being a member of a Rydberg series converging to the X2fl,,2 substate. When n is sufficiently large, this state becomes nearly degenerate with the 3110(J' = 1) level and Hund's case (e) is obtained with strong mixing between these two states by rotational coupling. The two resulting states, linear combinations of the three substates,'* give rise to two Rydberg series with R (0) lines only, one converging to J+ = 1/2of*II,,,, the other converging to J + = 3/2 of *h*.
Using the notation'* J+ -.I"R(J~~),
we have denoted the two Rydberg series as "2R(0) and 3'2R(0) .
For J' = 2, there are also two series, one converging to J + = 3/2, the other converging to J + = 5/2, denoted as "*R( 1) and 3'2R ( 1) . The energy interval between the lines of the two Rydberg series 3'2R(0) and "*R( 1) which have the same limit becomes equal to 2B 6, the separation of the J ' = 0 and J II = 1 sublevels of the ground state of HI, when n increases. The corresponding quantum defects converge to limiting values given by expressions of Hund's case (e) functions, as different linear combinations of Hund's case (a) functions. Due to perturbations between levels of the same J', deviations from this limit can be expected even for large values of n.
If l#O, the situation becomes more complicated. For 1 = 1, there are five R (0) lines and six R ( 1) lines, for 1 = 2, six R (0) and nine R ( 1) lines. These series have slightly different quantum defects and the intensity (and the widths) is spread out between the different lines. In conclusion, in Hund's case (e), fi + of the core is defined, but o the projection of j on the internuclear axis is no longer defined [see Eq. (2) of Ref. 121. Therefore, there isi uncoupling for the Rydberg electron.
A program has been written, using the short range channels described in Hund's case (a) as a starting point and proceeding via a frame transformation as described in Ref.
12 to the long range ionization channels described in Hund's case (e). The MQDT system of equations is solved at each photon energy as explained for example in Ref. 30. The transition moments are weighted by the H&l-London factors for case (a)-case (a) transitions and the rotational Boltzmann population corresponds to T = 10 K. The I mixing has been introduced only in the ab initio values of these transition moments, but neglected in the frame transformation. Consequently, the MQDT equations can be solved independently for each value of I and J'. The photoionization cross section is obtained as a sum of all the cross sections in the J + channels of the 2113,2 substate open for each R (J ") and Q(J ' ) transition.
V. RESULTS OF THE CALCULATION
The spectrum is very sensitive to the values of the quantum defects. At first, we have used the ab initio quantum defects.* The results, obtained by the method described in the last paragraph, including only R (0), R ( 1 ), and Q( 1) lines for the s, p, and d series give already a qualitative agreement with the experiment. They are given for 1 l<n<15 in resonances for different n are homothetic, e.g., except for a scaling factor they have the same shape, just like in an atomic Rydberg series. If the rotational autoionization is included by the MQDT calculation, the structures change when comparing n to n + 1 due to the mixing between states of different fi which changes for each value of n. To obtain a better agreement with experiment, it is necessary to modify the initial quantum defects. Starting from the relations p=Po+Pl 2 1 2 and PO-p, =-arctan-(5) 7T Q and using the values ofp and q (the Fano index) from the experimental results for n = 6," we have taken some trial values for the quantum defects of singlet (po) and triplet (pi ) states of the same A values. They are given in Table II together with the other quantum defects which have been estimated from calculations made for HC1.3' In all the calculations we have used the ab initio transition moments. With this procedure, the absolute agreement with the experiment becomes better and permits tentative assignments to be proposed for the observed series (Table III) . The results include the R(0) lines for thefseries and are given for lO<n<14, in comparison with experimental data in Fig. 5 . This region has been chosen, since it is well above the 2113,2, (U = 2)32 (see Fig. 1 ) limit, and consequently not influenced by vibrational autoionization. A further classification of the series is given by the angular momentum of the Rydberg electron, denoted byj.
By following the 5'2R(0), d, j= 5/2 and "*R(O), d, j = 3/2 series through Fig. 5 (a) it is illustrative to notice how the intensity of the individual members of these series change with n, causing effectively a reversal of the dominant contributing series of the spectrum. This change is repeated again in the series "*R (O), d, j = 3/2 and "*R(O),d,j= 3/2 at higher values of n. This last series can be autoionized in the '113,* continuum (J + >3/2) only by rotational autoionization and it has appreciable intensity only for n> 18. In this part of the spectrum, the latter series give only minor contributions. This reversal from one Rydberg series to another as the main contributor to the spectrum reflects quite well the structure observed in the experimental data for this spectral region. A major difference between experiment and theory is the intensity of the s series. The measured intensities are considerably smaller than calculated not only in this part of the spectrum, but also at low values of n. This problem was even more significant for the comparison with the first ab initio calculation without rotation.* TABLE II. Quantum defects used in the calculation for the different states involved for J' = 1 and 2 (J' = 1 only for 1 = 3 Table I are proposed. In several cases, two of the fitted series correspond to a single rotational Rydberg series. When applicable, an assignment of further resonance structure to the theoretical results is given. These term values aredenoted by *. For theseries R( l), the differenceof 2B; (12.7 cm -') between theJ" = Oand J" = 1 levels has to be added before calculating the quantum defects. Comparing the MQDT results given in Table III to the results of the fitting procedure of the experimental data given in Table I , a tentative assignment of the experimental data is proposed. A fitted series always corresponds to only a part Table III. of the theoretical results. In several cases, two fitted series combined can be assigned to one of the rotational series of the calculation. Whenever possible, an assignment of observed structure to the theoretical results is proposed. The remaining structures, not belonging to a fitted series, are denoted by an asterisk.
To understand the effect of the perturbation between channels of different J + , we studied the d series for J' = 1, including successively the different channels ( l/2( J + <7/2). The J + = l/2 channel alone gives "atomic" Rydberg series with a nearly constant quantum defect. If the J + = 3/2 channels are included, the levels converging to J + = l/2 and J + = 3/2 interact together and are pushed from their initial positions to lower values by a quantity varying from 13 to 2 cm -' when n goes from 14 to 17 [ Fig. 6 (a) 1. The introduction of the channel J + = 7/2 affects these levels again [Fig. 6(b) 1. Due to the influence of these perturbations, the intensities and the widths of the peaks are changed. The intensities of the different channels are very different and depend strongly on the interference between the transition moments to 'iI da and d6 and 'Z + dr. For example, the series 7'2R (0) has an intensity too small to appear in the figure.
Rotational perturbations become very drastic when the energy interval between n and n + 1 becomes equal to the rotational energy. Coincidences between levels of same J', one with n and J + + 1 and the other with n + 1 and J + can happen and give a perturbation. Although small (it varies as n -3), this perturbation has a large effect on the quantum defect, resulting from the MQDT calculation as it is given in the sixth column of Table III, when n is large.
A better agreement with experiment could be obtained in principle if a nonlinear least-squares fitting procedure were used for all series at once. Such a procedure has been used for example for the Rydberg states of Li,33 with only four quantum defects to be determined. Here the number of different quantum defects (29 for J<2) to be varied makes such an undertaking difficult, especially, since in addition the exact ionization limits are not known. 
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VI. CONCLUSION
We observed the photoelectron yield spectrum of the HI molecule in the spin-orbit autoionization regime with a spectral resolution high enough to resolve transitions between a rotational level of the ground state and one of the autoionizing state. Cooling the sample to a rotational temperature of 13 K simplified the spectrum to enable a detailed analysis of the rotational fine structure. A straight forward application of a least-squares fitting procedure for all members of the different Rydberg series leads to inconclusive results. However, the results of a MQDT treatment including molecular rotation are in good agreement with the experimental data, provided the angular momentum coupling is treated in terms of a transition from Hund's case (c) to Hund's case (e) coupling. The introduction of rotational autoionization and perturbations can alone explain the difference between successive Rydberg levels which is characteristic of the molecule. The effect of the vibrational autoionization which certainly affects the n = 8 and n = 9 levels could be taken into account as was done for HBr.30 The results discussed here show that, without a MQDT analysis, assignments for the intensity structures are very difficult. Without a detailed analysis, it is difficult to try to understand details in the observed spin polarization parameters." We hope that, in the near future, the ionization limits will be observed by rotationally resolved photoelectron spectroscopy34 to give better values for the input data of the calculation.
